In the present study, the ruthenium-catalysed decomposition of formic acid to yield hydrogen has been examined. A ruthenium complex modified polyformamidine network was used as a solid catalyst. As a dual support the polyformamidine acts both as a ligand and as a base for the activation of formic acid.
Introduction
The creation of a hydrogen economy has been envisaged as a promising alternative for the current fossil fuel based energy feedstock.
1 In this regard, the use of molecular hydrogen as a secondary energy carrier yields energy and water as an environmentally friendly side product aer decomposition in e.g., a fuel cell.
2 However, so far various problems of the hydrogen economy have not been resolved. One of the major issues is the development of suitable hydrogen storage systems, since current systems display some difficulties (e.g., tank systems: need for high-pressure or low temperature equipment; metal hydrides, polymers, amino boranes: low reversibility; metal organic frameworks: low temperature; biomass: social issues).
3
Promising chemical hydrogen storage systems, as studied recently, involve the transformation of carbon dioxide to formic acid and vice versa as well as carbonate or bicarbonate to formate.
4,5 Formic acid (HCO 2 H), a liquid at RT, can easily be approached by catalytic reduction of carbon dioxide with molecular hydrogen (Fig. 1) , while the catalytic decomposition of formic acid to release the stored hydrogen only liberates carbon dioxide. As such formic acid is an interesting option for the convenient, reversible and environmental-friendly storage of hydrogen, allowing easy transport, handling and refueling compared to other methodologies.
Recently the evolution of hydrogen by catalytic decomposition of formic acid has been extensively studied in the presence of homogeneous catalysts.
6,7 Especially ruthenium based catalysts have been demonstrated to be highly active for that purpose. In more detail, ruthenium complexes modied by nitrogen or phosphane ligands have been successfully applied in the evolution of hydrogen. However the presence of amines or other bases is essential in such homogeneous systems to force the reaction towards hydrogen production. 8 As such, beside the benet in handling and recovering of supported ruthenium catalysts, the heterogenisation of those on polymeric supports, featuring both ligand and basic sites, could be a promising approach for hydrogen generation from formic acid and for improving the quality of hydrogen by the avoidance of amine contamination (Fig. 2) . 9 Recently some of us studied the application of well-dened formamidine ligands in the ironcatalyzed oxidation of carbon carbon double bonds.
10 Especially polymeric formamidines could be used successfully as polymeric ligands for the iron-catalysed Friedel-Cras alkylation.
11
Polymeric formamidines, due to their straightforward synthesis and great availability of the starting materials, can provide suitable and abundant coordination sites for metals and further act as appropriate basic sites.
12 Additionally, monomeric formamidines have been shown to be appropriate bases for hydrogen generation from formic acid.
13
Herein, we report on our initial studies on the application of polyformamidine as dual ligand/basic supports in the 
Results and discussions
For the synthesis of polyformamidine the procedure was performed in accordance to the protocol reported by Böhme and coworkers with slight modications.
10 A dimethylsulfoxide solution of para-phenylene diamine (1) In order to support ruthenium on the polyformamidine material, compound 2 was reuxed for 18 hours in THF with [RuCl 2 (p-cymene)] 2 . Aer the work-up a color change from yellow to red-brown of the polymer was observed. Moreover, phosphanes were reported to increase the reactivity of homogeneous hydrogen evolution catalysts, the Ru@PF 3 material was further reuxed in THF for 18 h in the presence of triphenylphosphane, leading to a phosphane doped compound 4 (Ru&PPh 3 @PF).
6,7 Applying 13 C{ 1 H} CP/MAS NMR we found for 3 a resonance at 145.5 ppm and for 4 a resonance of 144. These results indicate the coordination of the triphenylphosphane, since free triphenylphosphane resulted in a chemical resonance of À5.8 ppm. Furthermore, the obtained resonance is in agreement with well-dened ruthenium complexes containing triphenylphosphane and nitrogen based ligands. 15 In addition, IR measurements revealed a shi of the band at 1660 cm À1 (C]N functionality of 2) to 1663 cm À1 for 3 and 4 (C]N functionality). The morphology of the obtained powders and the ruthenium distribution on the support prior to catalysis was investigated with scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy. Fig. 3 shows a representative SEM image of a [RuCl 2 (p-cymene)] 2 loaded polyformamidine powder particle. EDX mapping reveals that the ruthenium and the chlorine are well distributed over the polyformamidine particles. An atomic ratio (Cl : Ru) of 1.8 was determined, which is in agreement with the ratio of the starting ruthenium complex [RuCl 2 (p-cymene)] 2 . Moreover, a ruthenium to nitrogen ratio of 1 : 15 was found, which is in accordance to the loading conditions. On the other hand SEM measurements for Ru&PPh 3 @PF (4) showed no particular change of the particle morphology. Besides ruthenium and chlorine also phosphorous could be detected. As observed for the Ru@PF material 3 a homogeneous distribution of PPh 3 on Fig. 2 Ligand-base concept for hydrogen evolution from formic acid.
Scheme 1 Synthesis of polyformamidine 2 and ruthenium supported on polyformamidine 2. the Ru@PF material was revealed by EDX mapping. Atomic ratios for Ru : Cl : P of 1 : 1.8 : 0.7 were determined. The obtained values revealed a possible coordination of one equivalent of triphenylphosphane per ruthenium. The additional coordination sites of the ruthenium are probably occupied by the polyformamidine ligand.
With the material in hand we became interested in the catalytic abilities in the decomposition of formic acid (Table 1) . Three different Ru@PF materials with Ru contents ranging from 1.88 to 7.00 wt% Ru and one Ru&PPh 3 @PF (2.27 wt% Ru) sample have been tested. Therefore a double-walled thermostatically controlled reaction vessel was evacuated, heated, and purged with argon 10 times to remove any other gas, before the solvent dimethylformamide (DMF) and the substrate formic acid (FA) were poured in. The vessel was brought to the desired temperature (60 C) and was kept constant at least for 30 min to reach equilibration. Then the reactions were started by addition of the ruthenium loaded polyformamidine in a Teon crucible. The volume of evolved gases was quantitatively measured using automatic or manual gas burets. 16 In addition, gases were qualitatively and quantitatively determined by GC with a TCD. The conversion of formic acid is between 0.6 and 35% except for the upscale experiment ($98%).
In all cases a 1 : 1 mixture of hydrogen : carbon dioxide was observed. Besides CO has been generated only in the ppm range, underlining the good selectivity of the applied catalysts.
[RuCl 2 (p-cymene)] 2 is known to be an appropriate catalyst precursor for the hydrogen generation from a formic acid triethylamine mixture (5 : 2) (Table 1, entry 1). However, the activity drops signicantly in the absence of the amine (Entry 2). The application of Ru@PF with 7.00 and 3.49 wt% ruthenium as a pre-catalyst results in almost similar low turnover numbers as obtained for the unsupported [RuCl 2 (p-cymene)] 2 (Table 1 , entries 3 and 4). However, the material with a Ru loading of 1.88 wt% shows a much better activity than applying 3.49 wt% as well as 7.00 wt% Ru (entries 5 and 6). A probable reason is the rising ratio of formamidine units to formic acid. Thus, as a secondary effect the lower ruthenium loading of the polyformamidine is accompanied by an increased number of Ncontaining moieties, which signicantly improves the activity. This has been additionally proven by an experiment with further addition of unmodied 2 (entry 7). With raising the amount of basic sites of Ru@PF from 1 : 135 to 1 : 18 with respect to formic acid an increase of the turnover number by a factor of 1.6 was noticed (Table 1, entries 4 and 7) . This is consistent with a previous report concerning the inuence of the base amount on the activity. 13 Further addition of unmodied 2 resulted only in a slight increase of the activity. Moreover, both systems, [RuCl 2 (p-cymene)] 2 as well as Ru@PF, were tested in the presence of catalytic amounts of triphenylphosphane as ligand. Here an improved turnover number of 206 (3 h) was attained for the Ru@PF material (Table 1, entry 8). When both the ruthenium complex and phosphane are immobilized on PF in a ratio of 1 : 1.23 less catalytic activity is obtained (entry 9). However its performance could be signicantly improved by further addition of 1.77 equiv. of PPh 3 resulting in an Ru : P ratio of 1 : 3 (Entry 10). It is noteworthy that this is a higher activity than it was found for the unsupported [RuCl 2 (p-cymene)] 2 /PPh 3 with NEt 3 addition (entry 11). Furthermore, in Fig. 4 the comparison of the gas evolution experiments is shown within the investigated time-frame. As seen in the gure in the rst 20 min a high catalytic activity was observed for Ru@PF modied by PPh 3 compared to the unmodied pre-catalyst, while aerwards the slope is almost comparable for both systems except for 2.27 wt% Ru&PPh 3 @PF/1.77 equiv. PPh 3 which is still more active.
On the basis of the promising results we were prompted to perform an upscaling experiment. Therefore, we applied 100 mmol Ru (2.27 wt% Ru&PPh 3 @PF) and additional 1.77 equiv. of PPh 3 . In the rst run almost full conversion has been achieved within 4 hours (Fig. 5) . Aer reaching 98% conversion (2530 mL H 2 + CO 2 , TON 518) the reaction has been restarted two times by further addition of 2 mL HCOOH (0.053 mol). In the second and third run 90% conversion has been achieved aer 22 h and 46 h, respectively.
Aer another upscaling experiment applying 7.00 wt% Ru@PF (180 mmol Ru) and 287 mmol PPh 3 (Ru : PPh 3 1 : 1.6) the solid catalyst was separated from the solvent and investigated again. The ruthenium loading of the most active material was evaluated by EDX (Fig. 6) . The determined atomic ratios for Ru : Cl : P are 1 : 2 : 1.5, indicating on the one hand a slight leaching of the ruthenium during the catalysis (as conrmed by the decreased Ru : N ratio) and on the other hand a potential reorganization in the surface immobilized ruthenium. It is noteworthy that, in any case, the elemental distribution of Ru, Cl, and P on the polyformamidine ligand network is still very homogeneous as evidenced by EDX mapping measurements.
In summary, we have demonstrated the ruthenium-catalysed decomposition of formic acid to yield hydrogen applying a ruthenium complex modied polyformamidine network as a solid catalyst. The polyformamidine acts as a dual support: on the one hand as a ligand and on the other hand as a base for the activation of formic acid. Future studies will be directed to the synthesis of more basic polyamines to increase the reactivity of the system. 13 C{ 1 H} CP (cross-polarization)/MAS (magic angle spinning) NMR spectra were recorded on a Bruker Avance 400 spectrometer ( 13 C: 100.57 MHz) using a 4 mm double resonance HX MAS probe. The CP spectra were recorded with a cross-polarization time of 2 ms and composite pulse 1 H decoupling was applied during the acquisition. IR spectra were recorded either on a Nicolet Series II Magna-IR-System 750 FTR-IR or on a Perkin Elmer Spectrum 100 FT-IR. Melting points (mp) were determined on a BSGT Apotec II capillary-tube apparatus and are uncorrected. Elemental analyses were performed on a Perkin-Elmer Series II CHNS/O Analyzer 2400. Powder X-ray diffraction (XRD) measurements were recorded on a Bruker D8 Advanced with CuK a -radiation (l ¼ 0.1546 nm) and scintillator detector. SEM measurements were performed on a JEOL 7401 F equipped with an EDX Bruker Quantax XFlash 4010 Detector.
Experimental section
The contents of Ru and P in the bulk materials have been measured by elemental analysis methods via AAS (Ru) with an AAnalyst 300 (Perkin Elmer) and via UV/VIS (Lambda 2, Perkin Elmer).
Synthesis of polyformamidine 2
To a solution of 1,4-benzenediamine (0.43 mol) in DMSO (500 mL) was added triethyl orthoformate (0.87 mol) at room temperature. The solution was stirred at 140 C for 24 hours.
During that time a precipitate was formed. Aer cooling to room temperature the mixture was treated with acetone Fig. 4 Comparison of the gas evolution experiments (number refer to entries in Table 1 ). (500 mL) and the precipitate was ltered and washed with acetone. The solid was puried in a Soxhlet extractor using acetone as solvent for 24 hours. The yellow-orange powder was dried in a vacuum at 80 C for 8 hours. 
Synthesis of ruthenium supported on polyformamidine and addition of PPh 3 (4)
A suspension of 3 (100 mg) and triphenylphosphane (0.072 mmol) in THF (50 mL) was reuxed for 18 hours. Aerwards the volatiles were removed in a vacuum and the obtained red-brown powder was dried in a vacuum at 80 C for 8 hours.
Ru&PPh 3 @PF:
13 C{ 1 H} CP/MAS NMR (100 MHz) d ¼ 243. 9, 232.5, 219.3, 160.5, 144.5, 137.9, 136.0, 132.4, 123.5, 119.8, 117.1, 114.1, 87.9, 60.6, 44.8, 32.7, 29.7, 25.7, 20.8, 17.6 
Catalytic reactions
All catalytic experiments were carried out under an inert gas atmosphere (argon) with exclusion of air. The substrates were dried by standard laboratory methods prior to use. The formic acid to amine ratio was determined by 1 H NMR spectroscopy on a Bruker Avance 300 spectrometer. The catalyst precursor [{RuCl 2 (p-cymene)} 2 ] was purchased from Aldrich. The amount of gas liberated was measured by a gas burette. In addition, a GC for analyzing gases was applied (Agilent 6890N, permanent gases: Carboxen 1000, TCD, external calibration; amines: HP Plot Q, 30 m, FID), and in a few cases an additional hydrogen sensor (Hach Ultra Analytics GmbH) was used for analysis of hydrogen. Blank experiments without a catalyst revealed a volume increase of #1 mL. Typically, the standard deviation for the volumetrically determined hydrogen volumes and calculated activities is between 1 and 10%. 
